Abstract -A novel, broadband, inductorless, multistandard receiver front-end in a digital CMOS 90nm Low Power (LP) process is described. The front-end operates in the frequency range from 0.8 GHz up to 1.7 GHz. It achieves a voltage gain of 24dB and a noise figure of 5.5dB. The measured IIP3 and IIP2 of the receiver are -13dBm and +30dBm, respectively. The input return loss is better than10dB in the frequency band from 0.8 GHz up to 1.7 GHz. The front-end consumes 26mA from 1.2V power supply and occupies a chip area of 1mm 2 . Index Terms -Multi-standard receiver, inductorless receiver front-end, low voltage receiver front-end, broadband receiver front-end, software-defined radio.
I. INTRODUCTION
Nowadays, the number of wireless standards is increasing rapidly. This has motivated the wireless industry to look for multiple radio devices. The integration of multiple functions on-chip enables connectivity with different systems at various locations. In order to increase hardware flexibility and functionality, RF designers are trying to design and implement costeffective, multi-standard RF transceivers. It is a challenge to stretch the design space of an RF front-end in such a way that it satisfies simultaneously the requirements of as many standards as possible. One possibility is the use of tuned RF front-ends based on narrow band, tunable LNAs [1] . The complexity and the occupied chip area of this multi-standard RF front-end grow rapidly as the number of covered standards increases. As performance and frequency control are inter-related, the complexity in the design increases a lot. Another approach is a single broadband RF front-end that can satisfy the requirements of any standard in a wide frequency range [2] . In a combination with a tunable RF filter after the antenna, this seems as a straightforward and a cost-effective solution for a multi-standard RF front-end. This paper addresses a novel broadband inductor-less RF front-end that can operate in a frequency range from 0.8GHz up to 1.7 GHz.
Section II of this paper presents the operation of the multi-band receiver front-end, the measurement results are discussed in Section III and conclusions are given in Section IV.
II. MULTI-BAND RECEIVER FRONT-END
The broadband receiver front-end is presented in Fig.1 . The first building block in the RF front-end is an inductorless, broadband LNA. A single-ended to differential converter (SDC) plays the role of an active BALUN. It converts the single-ended signal into a differential one. I/Q harmonic reject mixers (HRI/HRQ) convert the RF signal to low or zero intermediate frequencies (IF) . The output of the mixer is connected to a transimpedance amplifier configured as a low-pass filter. For measurement purposes an eight-phase LO generator provides the required LO phases to the HR mixer.
A. Broadband LNA
A simplified schematic of the inductorless broadband LNA with resistive feedback is illustrated in Fig. 2 . The first stage in the feedforward path of the LNA is a common source, cascode amplifier. It consists of the common source amplifier M n1 , the cascode transistor M n2 and the load resistor R d1 . The gate voltages of M n4 and M n5 are equal. Therefore, the drain current of M n5 is a scaled copy of the current in M n4 . The ratio between the dimension of M n5 and M n4 determines the ratio between the drain currents of M n5 and M n4 . The output current is converted into a voltage on the load resistor R d2 . The feedback resistor R f is DC blocked by C f1 , while C f is used to control peaking at higher frequencies and improves input matching (S11).
B. Single-Ended to Differential Converter
A simplified schematic of the single-ended to differential converter (SDC) is presented in Fig. 3 . The SDC converts the single ended signal from the LNA into a balanced signal required by the mixer.
The RF input is AC coupled to the LNA. The OTA ensures a self-biasing mechanism of the SDC and an offset correction at the two differential outputs of the circuit. The resistors 1 R improve matching between the transistors 1 M and 2 M . The drain currents of these two transistors have the same amplitude and opposite phases. The SDC isolates the HR mixer from the LNA. Besides, it improves the overall noise figure of the RF front-end. 5 shows the operational transconductance amplifier (OTA) that is used in the transimpedance amplifier (see Fig.1 ). The OTA is a differential version of the second and third stages in the broadband LNA (see Fig. 2 ). 
C. Harmonic-Rejection Passive Mixer

E. LO Generator
For measurement purposes, the eight-phase LO generator, (see Fig.6(a) ), produces the required LO phases to the HR mixer. It consists of a polyphase filter, [4] , and a resistive interpolation network (see Fig.6(b) ). The choice of the resistor values in the interpolation network is not arbitrary. For equal amplitudes, R 2 and R 3 are related as R 3 =2(1+√2)R 2 . The choice of R1 is fairly independent of R 3 and R 2 . At the output of the interpolation network, eight phases with equal amplitudes are produced. In order to drive the mixers, buffers are connected at the outputs of the interpolation network. 
III. MEASUREMENT RESULTS
Using the insights into the operation of the presented building blocks, the RF front-end is designed and implemented in a baseline CMOS 90nm LP process. Die photomicrograph and die-on-board Fig. 7 shows the chip photo together with the die mounted on a PCB with bonding wires and interconnect.
The active chip area of the receiver front-end including the RF signal path and the LO generation is 1600µm x 1088µm (see Fig.7 ). The active chip area of the RF signal path is 980µm x 1070µm.
The power dissipation of the receiver front-end is 32mW at a supply voltage of 1.2V. The power dissipation of the LO generator is not taken into consideration since this configuration of the LO generator is used only for measurements.
In Fig. 8 and Fig.9 the measured voltage gain of the receiver front-end as a function of IF frequency and RF frequency, respectively, are presented. The voltage gain is 24dB. The voltage gain as a function of the IF frequency is measured for an input frequency of 1GHz. The 3-dB bandwidth of the low pass filter at the output of the mixer is 16MHz (see Fig. 8 ) and the 3-dB bandwidth of the receiver front-end is 1.7 GHz as shown in Fig. 9 . The measured NF of the front-end is 5.5dB. As the implemented receiver front-end has a single-ended input, it does not require a BALUN when connected to an antenna. Therefore, the noise figure impairment of typically 1.5 to 2.5dB is prevented, and a higher noise figure of the implemented receiver front-end is accepted.
In measurement the achieved harmonic rejection of the third and fifth harmonic are -52dB and -87dB, respectively.
The input matching (S11 < -10dB) is achieved in the frequency range 0.8GHz -1.7GHz and it is plotted in Fig.  10 . Fig. 10 . Measured S11 parameter vs. frequency Figure 11 illustrates the measured IIP3 of the implemented front-end. The two test tones are at 1GHz and at 1.001GHz. The frequency of the LO signal is 997MHz. The output fundamental signals are at 3MHz and 4MHz, while the third order intermodulation products are located at 2MHz and 5MHz. The measured IIP3 is -13dBm. Figure 12 shows the measured IIP2 of the front-end. The frequencies of the two test tones are 1.01GHz and 1.0103GHz. The frequency of the LO signal is 1GHz. The output fundamental signals are at 10MHz and 10.3MHz, while the second order intermodulation products are located at 0.3MHz. The measured IIP2 is 30dBm. In the presented receiver front-end MOS capacitors are used (MIM capacitors are not available). MOS capacitors deteriorate the linearity of the implemented front-end. Replacing these capacitors with MIM capacitors a better linearity performance can be obtained.
Analyzing the measured results the following features of the implemented front-end can be highlighted: low power consumption, high voltage gain and small chip area. Apart from this, it operates at a low supply voltage of 1.2V. The front-end has a moderate noise figure and a moderate IIP3. Linearity can be improved by replacing the MOS capacitors with MIM capacitors. Increasing the power consumption will further improve the noise figure, the linearity and the bandwidth of the receiver chain.
IV. CONCLUSION
A novel broadband inductorless RF front-end has been presented. The circuit is implemented in a baseline 90nm CMOS LP process. The main features of the proposed solution are: operation in the frequency range from 0.8GHz up to 1.7 GHz, low power consumption (32mW), high voltage gain (24dB), moderate noise figure (5.5dB) and small occupied chip area (only 1mm
2 ). In addition, it operates at a low supply voltage (1.2V). This is an important requirement for modern baseline deep submicron CMOS processes and one of the most difficult to fulfill in the RF part of the front-end. In a combination with a tunable RF filter after the antenna it represents a cost-effective solution for a multi-standard RF front-end. Multi-mode and multi-band applications can be envisaged as an application area of this design.
